In recent years, a number of alkaloids have been discovered from endophytic fungi in plants, which exhibited excellent biological properties such as antimicrobial, insecticidal, cytotoxic, and anticancer activities. This review mainly deals with the research progress on endophytic fungi for producing bioactive alkaloids such as quinoline and isoquinoline, amines and amides, indole derivatives, pyridines, and quinazolines. The biological activities and action mechanisms of these alkaloids from endophytic fungi are also introduced. Furthermore, the relationships between alkaloid-producing endophytes and their host plants, as well as their potential applications in the future are discussed.
Endophytic fungi are defined as fungi that spend the whole or part of their lifecycle colonizing inter-and/or intra-cellularly inside the healthy tissues of the host plants, typically causing no apparent symptoms of disease. They are important components of plant micro-ecosystems and have been found in every plant species examined; it is estimated that there are over one million fungal endophytes existing in nature [1] . Since the "gold" bioactive compound paclitaxel (taxol) was discovered in the endophytic fungus Taxomyces andreanae from Taxus brevifolia in 1993 [2] , many scientists have been increasing their interests in studying fungal endophytes as potential producers of novel and biological active compounds. Many compounds, for example, camptothecin, podophyllotoxin and hypericin, possessing a variety of biological activities, were discovered successively from endophytic fungi originated from their host plants [3] . The relationship between the endophyte and its host plant may range from latent phytopathogenesis to mutualistic symbiosis. This balanced symbiotic continuum can have profound effects on plant ecology, fitness, and evolution, shaping plant communities [4] and manifesting strong effects on the community structure and diversity of associated organisms [5] .
Endophytic fungi can produce many secondary metabolites, some of which are alkaloids. Alkaloids are very important molecules, not only for chemical reasons, but also for their diverse biological properties, such as antifungal, anticancer, and antiviral activities. The role of endophytic fungi is emphasized as an important source of leads for drug [6] . This review, beginning with an intimate survey of the bioactive alkaloids in endophytes, describes the endophyte alkaloid metabolites characterized, and summarizes the relationship between the alkaloid-producing endophytes and the host plants according to the literature.
Recent discoveries of bioactive alkaloids in endophytic fungi
Quinoline and isoquinoline: Camptothecin (1, CPT) is one of the most potent cytotoxic compounds [7, 8] . Usually researchers extract it from the roots of Nothapodytes fortida, in which the highest content of CPT is 0.3-0.5% [9] . Now, many scientists obtain CPT from microbes, especially from endophytic fungi ( Table 1 ). In addition, some derivatives of CPT, such as 10hydroxycamptothecin (2) and 9-methoxycamptothecin (3) have also been found in these fungi [10] .
Asperfumoid (4) [11] , a new alkaloid, was isolated from an endophytic fungus, Aspergilus fumigatus CY018, of the plant Cynodon dactylon. The compound has distinct activity against Candida albicans with a MIC of 75 μg/mL. Aspernigerin (5) [12] , isolated from Aspergillus niger IFB-E003 from the same plant, showed cytotoxic potential to the tumor cell lines nasopharyngeal epidermoid KB, cervical carcinoma HeLa, and colorectal carcinoma SW1116, with corresponding IC 50 values of 22, 46, and 35 μg, respectively. Marinamide (6) and its methylester (7) [17] were produced by the application of a mixed fermentation technique with two mangrove endophytic fungi (strains Nos.1924 and 3893) from the south China Sea. However, surprisingly, neither compound could be obtained when either strain was cultured individually under the same conditions. This indicated that a mixed fermentation technique may become a new approach to produce new compounds. In 2004, six spiroquinazine alkaloids [18] were isolated from a Eupenicillum sp., an endophytic fungus present in the leaves of Murraya paniculata. Compounds 8 and 9 had been isolated previously in 1994 and 1998, respectively [19, 20] , but alanditrypinone (10), alantryphenone (11), alantrypinene B (12) and alantryleunone (13) were new compounds.
A new pyrrolyl 4-quinolinone alkaloid, named penicinoline (14) , with an unprecedented ring system, was isolated from a mangrove endophytic fungus [21] . Its derivative, penicinotam (15) , an unexpected lactam was obtained from 14 by intramolecular dehydration. The structure of 15 was unambiguously confirmed by single-crystal X-ray analysis. Penicinoline showed potent cytotoxicity toward 95-D and HepG2 cell lines with IC values of 0.57μg/mL and 6.5μg/mL, respectively.
Amines and amides:
Amines and amides are very common secondary metabolites produced by endophytic fungi. Phomoenamide (16) [22] , a new compound, was obtained from the endophytic fungus Phomopis sp. PUS-D15, which was isolated from leaves of Garcinia dulcis Kuiz. This metabolite was shown to be antibacterial against Mycobacterium tuberculosis H37Ra with a MIC value of 6.25μg/mL. IFB-Lactam-1 (17) [23] was characterized from the culture of an endophytic Trichoderma sp. originating from cabbage, and was characterized as a natural anti-Gloeosporium kaki Hori agent. In addition, neoplaether (18) [24] , and naphthoquinoneimine (19) [25] were isolated from endophytic fungi and exhibited diverse pharmacological activities. Usually, a series of similar compounds were isolated from the same fungi and plants, such as p-aminoacetophenonic 20-23 [26] . They were isolated from an endophyte Streptomyces sp. of the mangrove Aegiceras cornculatum.
An endophyte Xylaria sp. [27] , with a broad spectrum of antimicrobial activity, was isolated and characterized from Ginkgo biloba L. From the culture extracts of this fungus, a bioactive compound, P3, was isolated by bioactivity guided fractionation and identified as 7-amino-4-methylcoumarin (24 The ergot alkaloids, another group of amine and amide alkaloids, are produced by all species of Claviceps, most notably by C. purpurea in sclerotia (ergots) growing on rye, wheat and other small grains [28, 29] . Other important sources of these alkaloids are grasses infected with various endophytes, including Claviceps spp. [30] . The common structural feature of ergot alkaloids is the ergoline ring, which is methylated on the N-6 nitrogen atom, substituted on C-8 and possesses a C-8, C-9 or C-9, C-10 double bond [29] .
Indole derivatives: Vinblastine (25) and vincristine (26) , two indole alkaloids, are well-known anticancer agents. The primary action mechanism of 25 is via interference with microtubule formation and mitotic spindle dynamics, disruption of intracellular transport, and decreasing tumor blood flow [31, 32] . Chaetoglobosin (27) , chaetoglobosin B-D (28-30), chaetoglobosin F (31) and G (32), prochaetoglobosin Ⅲ(33), Ⅲ ed (34), and ischaetoglobosin D (35) [33] were synthesized by a fungus, Chaetomium elatum ChE01, isolated from soil. These compounds Penicidones A-C (59-61) [38] were isolated from the culture of Penicillium sp., an endophytic fungal strain residing in the stem of Quercus variabilis. These compounds are structurally unique in carrying an identical γ-pyridone nucleus, which has not been encountered in any previous reported natural product. The in vitro cytotoxicity assay against four human cancer cell lines SW1116, K562, KB and Hela indicated that compounds 59-61 were moderately cytotoxic, with IC 50 values between 21.1 and 90.8 μM; the IC 50 values against these cell lines of 5-fluorouracil were between 17.0 and 122.0 μM.
Aspernigrin A (62) [39] is a secondary metabolite of a Cynodon dactylon-associated endophytic fungus, Cladosporium herbarum. In vitro bioactivity assays showed significant activity against Candida albicans with an IC 50 value of 75.5μg/mL. [40] .
Quinazolines: Quinazolines are significant alkaloids isolated from endophytic fungi. Four novel metabolites, alanditrypinone (65), alantryphenone (66), alantrypinene (67) and alantryleunone (68) were isolated from an endophyte fungus Eupenicillium sp. in leaves of Murraya paniculata [18] .
Chaetominine (69) [41] , an alkaloidal metabolite with a new framework, was characterized from the solid-substrate culture of Chaetomium sp., an endophytic fungus on apparently healthy Adenophora axilliflora leaves. Chaetominine was more cytotoxic than 5-fluorouracil against human leukemia K562 and colon cancer SW1116 cell lines. Others: Six new tetramic acid derivatives [42] , penicillenols A 1 , A 2 , B 1 , B 2 , C 1 , and C 2 (70-75), together with citrinin, phenol A acid, phenol A and dihydrocitrinin were identified from Penicillium sp. GQ-7, an endophytic fungus associated with Aegiceras corniculatum. All the new compounds were evaluated for their cytotoxic effects in four cell lines by the MTT bioassay. Penicillenols A1 (70) and B1 (72) showed cytotoxicity against the HL-60 cell line with IC 50 values of 0.76 mM and 3.20 mM, respectively.
Chemical investigations of a culture broth from the endophytic fungus Eupenicillium sp. of Glochidion ferdinandi afforded the new modified dipeptides trichodermamides A-C (76-78) and aspergillazine A. Trichodermamide C (78) displayed cytotoxicity towards the human colorectal carcinoma HCT116 and human lung carcinoma A549, with IC 50 values of 0.68 and 4.28 µg/mL, respectively [43] .
New diketopiperazine (DKP) derivatives, named colletopiperazine (80), fusaperazine C (81) and E (85) [44] , as well as four known DKPs (79, 82-84) were isolated from cultures of two endophytes, Colletotrichum gloeosporioides and Penicillium crustosum, from Viguiera robusta, and another endophyte Fusarium spp. from Viguiera arenaria. Compounds 79 and 80 were isolated from the endophyte C. gloeoporioides, whereas compounds 81 and 82 were isolated from the culture of Fusarium sp. DKPs 83-85 were obtained from P. crustosum. 
The relationship between alkaloid-producing endophytes and their host plants
Colonizing inside plant tissues, endophytes usually obtain nutrition and protection from the host plant. In return, they confer profoundly enhanced fitness to the host plants by producing certain functional metabolites. The relationships between the hosts and their endophytic fungi are complex [45] . Endophytic fungi form symbiotic associations with plants increasing their resistance to insects and enhancing host fitness.
Insecticides: A mass of bioactive alkaloids, including ergot, peramine, lolines and parrolizidines, found in endophytes are potential broad-spectrum insecticides, having important roles in agriculture, medicine and the food industry. Neotyphodium and Epichloë species (Ascomycota: Clavicipitaceae) are fungal symbionts (endophytes) of grasses. Many of these endophytes produce alkaloids that either enhance their hosts' resistance to insects or are toxic to grazing mammals. The ergot alkaloids and lolitrems (indolediterpenes) cause neurotoxic effects on grazing or granivorous vertebrates. The endophyte-producing alkaloid peramine (a pyrrol-opyrazine) is an insect feeding deterrent, and lolines (saturated 1-aminopyrrolizidines) are insecticides [46, 47] .
Potter et al. [48] tried to test the effects of ergot alkaloids on feeding, growth, and survival of the black cutworm. Finally they found that wild-type endophytic grass showed strong antixenosis and antibiosis, especially to insect neonates. They concluded that ergot alkaloids can be eliminated from an endophyte of perennial ryegrass while retaining significant insect resistance. However, high alkaloid levels in native grasses may not protect the host grasses from arthropod herbivores, and may instead have a more negative effect on the natural enemies of the herbivore [49] .
Alkaloids produced by endophytic fungi: a review Natural Product Communications Vol. 7 (7) 2012 967 Enhances host fitness: Neotyphodium endophytes are asexual, seed-borne fungal symbionts that are thought to interact mutualistically with their grass hosts. Benefits to plant hosts include increasing growth, reproduction, and resistant to herbivores via endophytic alkaloids [50] [51] [52] . Conceivably, lolines could be involved directly if they have growth-regulatory activity, or the loline pathway may alter the balance of other growth regulators, such as polyamines, with which they share precursor amino acids. These endophytes also enhance plant tolerance of water deficit, and the possible involvement of lolines as compatible osmolites or as scavengers of reactive oxygen species has been discussed [53] . Faeth et al. tested the costs and benefits of endophyte infections with varying alkaloids in the native grass Achnatherum robustum (sleepygrass). They conducted a 4-year field experiment and suggested that alkaloids associated with infection may protect against below ground herbivore attack or harsh winter conditions [54] .
Conclusion and future targets
As a poorly investigated store of microorganisms 'hidden' within the host plants, endophytes are obviously a rich and reliable source of bioactive and chemically novel compounds with huge medicinal and agricultural potential. Further research at the molecular level in this field is clearly required for a better understanding of the hostendophyte interaction, which may lead to a quicker recognition of genetically particular and/or host gene carrying endophytes [55].
In summary, endophytes are excellent sources of novel and bioactive alkaloid products. Many novel and valuable alkaloida with antimicrobial, insecticidal, cytotoxic and anticancer activities have been successfully obtained from endophytic fungi. The new alkaloid compounds may be used in the pharmaceutical industry for curing diseases. In addition, alkaloids produced by endophytes can protect the host, and promote effective composition accumulation.
As a novel and important microbial resource for producing bioactive compounds originally from their hosts, plant endophytic fungi have attracted many researchers' attention, both for theoretical study as well as potential applications. However, there are still many issues that need to be further clarified and resolved.
(1) The low yields of alkaloid compounds produced by endophytic fungi have restricted their application for increasing clinical use. (2) The interactions among the alkaloids, the endophyte and its host have not been completely clarified.
